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Abstract This paper represents the beginning of a reference data base for the long term assessment and
control of environmental impacts on the coral reef habitat of the Balhaf Bay, Gulf of Aden, following the
development of an industrial complex on the bay. Present results reveal a high surface water temperature in
summer with the tendency for relatively low temperature in the winter months. Bottom water temperature
undergoes significant seasonal variation, with the annual difference at the two studied stations found to be
up to 13.9 ◦C in the deep station (D), and 11 ◦C between August and September in the shallow station (F).
Winter salinity variation was found not to exceed 0.5 g/l (measurements between 35.7 and 36.2 g/l), though
salinity did vary seasonally: increasing at the beginning of the summer monsoon from 35.7 g/l to reach an
annual maximum in this region (36.5 g/l) in the first days of July. The general lack of difference in the index
of salinity for the studied depths is worth noting. Whatever the reason, such results call for more detailed
studies of the habitats under reference.
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The water basins of many Arab countries, especially those facing
the Red Sea and the Gulf of Aden, suffer from a lack of rigorous
environmental studies. Even in the oil-rich countries of the region,∗ Corresponding author. Tel.: +967 5 360768; fax: +967 5 360768.
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here new techniques used in oil exploration have yielded some
nformation, adequate analyses of the environmental and biological
ata remain weak. Although environmental and biological studies
ave been carried out in some of the region’s water bodies, e.g. Gulf
f Aden, they have mainly focused on instantaneous indicators that
erve the immediate exploitation of fishery resources rather than
ore long term, sustainability indicators. Such studies have been
imited and seasonal in nature, have mainly concentrated on areas
f significant commercial fishing activity, and have never stretched
eyond the data that can used as an expected guide for the aggrega-
ion and migration of fish schools and some other marine organisms,
ike cuttlefish and lobsters [1–4]. Thus, our understanding of the
hysico-chemical oceanography of the Gulf of Aden is still limited,
ith a critical lack of modern in situ observations. This is despite
he fact that the Arabian Sea supports a great variety of reefs and
oastal habitats of often-high ecological integrity, housing globally
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ignificant levels of endemism and biodiversity, and provides a wide
ange of renewable services to human populations [5,6].
The Gulf of Aden is considered one of the richest and most
nique areas of marine biodiversity in the world [7–9]. Its area
s marked by three distinctive geographical features. The first of
hese is its bottom depths differences. These depths (5370 m, mean
epth of 1800 m) highlight a rugged bottom topography including
he Sheba ridge, which prolongs in the middle of the gulf and contin-
es towards the relatively shallow west (Tadjoura Trench, Tadjoura
ulf of Djibouti). The second key feature is the climate of the region
nd its effects in the gulf. Here the climate of the gulf is marked
y south-westerly winds during the summer monsoons, with these
echanisms leading to the movement of the bottom water masses
nd the upwelling phenomena. The third feature is its biological
eculiarity, with distinct qualitative and quantitative richness in phy-
oplankton, zooplankton, molluscan, crustacean and fish nektons
10,11].
Crucial to the sustenance of the gulf’s environmental and biolog-
cal richness are the hydrological phenomena controlling its water
ass. This control comes through the influence of the main two
ources of its water and their seasonal interchanges, the Red Sea
nd the Arabian Sea [2,12].
The key important characteristic of the health of the gulf is the
lentiful and distinctive coral complexities which have developed as
atchy distributed groups, mainly occupying the hard and stony bot-
om, except the Socotra archipelago, which are mainly surrounded
y fringing coral reefs which cover about 30% of the Socotra coasts
nd extend to depths of about 5–10 m. This constitutes about 250
cleractinian species [7].
It can be observed that the northern parts of the Gulf of Aden –
nd in spite of the fact that these areas are affected by the seasonal
pwelling phenomena – include a healthy growth of coral reefs,
specially in areas near Balhaf, Burum and the small islands near Bir
li. Most of these corals are of the pocilloporids, faviids and poritids
ypes [6]. This peculiarity distinguishes the study area of Ras Balhaf-
ir Ali in particular. All of these areas have been declared marine
rotected areas (MPA). Further, the particular area in question has
een included in the Integrated Coastal Management (ICM) Zoning
lan [7,13,14].
Thus, the present paper can be considered as the inception of
data base designed to establish the environmental status of such
ensitive areas, vulnerable as they are to the influence of natural
ariability and human and industrial intervention. In this, we seek
o describe the oceanographical and bio-environmental conditions
rior to the activation of the industrial export complex located in Bal-
af Bay so as to provide a reference for the control of environmental
mpacts in subsequent years.
ethodology
tudy area
alhaf Cape and its bays are a continuous group of numerous capes
n the Bir Ali coast. The area is exposed to the open sea from the
est and east, which exposes it to a variety of natural (because it
s located between the edge of the coastal and sea currents) and
uman effects (because it is an area of intensive fishing). The cape
f is located at the intersection point of N13◦58′′ and E48◦10′′, and
t a distance of about 10 km west of the coast of Bir Ali. Balhaf
ape extends about 800 m × 1000 m, with volcanic rock complexi-
ies with hard and sharp edges elevated above sea level to the south,
m
O
(
tig. 1 Locations of the stations within the study area (source:
ww.GoogleEarth).
nd with a gradual slope, including rocky and steep patches, on the
ast and west banks. The cape includes a long and organic-sandy
each where turtle tracks can be found though without evidence of
pawning. Although the slope of the edges of the cape are sharp, it is
urrounded by a sea coast, slowly running to tens of meters forming a
hallow coral field of 2–12 m on the eastern side. Here initial diagno-
is has found 10 genera, the majority of which belong to the families
oritidae and Acroporidae. The coast declines rapidly, reaching a
epth of 28–30 m not more than 100 m from the south ground edge.
eninsula Ras Balhaf is free of any organisms, except some wild
lants and occasional birds, such as white gulls and cormorants.
The Cape of Balhaf is situated in the path of westerly surface
urrents in autumn and winter (October–April) and easterly surface
urrents in spring and summer (March–August). Not far from the
ape is the Islet of Skha, located about 28 km to the east.
The shallow intertidal station (F) is characterised by a depth of
–4 m, about 30 m from a flat beach; the biologically rich bottom
s characterised by a combination of organic sandy clay, punctu-
ted by hard rock formations populated by some scattered coral
omplexities. The station is located about 500 m west of the cape
Fig. 1).
The deep sublittoral station (D) is characterised by a depth of
8–30 m, located south-westward of the cape’s rocky steep wing by
bout 100 m. The bottom sequence is characterised by hard igneous
ocks, ledges and boulders. It lacks coral formations; it is exposed
o the open sea and its direct relatively strong currents (Fig. 1).
amples
he key qualitative indicators of the water body are temperature and
alinity; values reported here are designed to be used to monitor
rends in the longer term.
Sea water samples were collected weekly from February 2006
o the end of January 2007 at two sites in Bir Ali (Balhaf site):
tation F—intertidal, 2–4 m depth (N13◦59′′; E48◦10′′); and Station
—sublittoral, 28–30 m depth (N13◦58′′; E48◦10′′).
Two samples from each site were taken; surface and bottom.
ater samples were collected weekly using a 5 l water sam-
ler. Water temperature and dissolved oxygen concentration were
easured in situ at each site using a Dissolved Oxygen Meter,
xi—3310 WTW 2BA301, Germany.
Samples for salinity, turbidity, Total Dissolved Substances
TDS) and Chlorophyll a were transported by ice-cooled box to
he laboratory. Sample analyses were done within 4–6 h of sam-
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Fig. 2 (a) Air, surface temperature annual variation in intertidal site
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a4 m deep (F) and sublittoral site, 30 m deep (D). (b) Bottom temperature
annual variation in intertidal site 4 m deep (F) and sublittoral site 30 m
deep (D).
pling. For the turbidity analysis, a turbidimeter (WTW TURB
355T) was used with valid reference solutions (0.02, 10, and
1000 Nephelometric Turbidity Unit (NTU)). Salinity was analysed
using Inolab—Cond 720 from WTW, Germany.
There were two reasons for selecting the depths of the stations:
the natural shallowness of the surrounding area, and the composi-
tion and natural development of the corals positioned in the upper
layers of this transparent shallow water. The maximum growth and
production of these coral occurs between 5 and 15 m, and maximum
diversity of these corals was found to be at depths of 10–30 m [15].
Results
The investigation of water temperature in the studied stations
revealed a high surface water temperature in summer and the
tendency for a relatively low temperature in the winter months,
influenced by direct climatic factors (Fig. 2a). The bottom water
temperature showed a significant seasonal variation at both stations,
where the annual difference was up to 13.9 ◦C in the deep station
(D) (between 32.4 ◦C on 11 of May and 18.5 ◦C in the middle of
August) and 11 ◦C in the shallow station (between 21.2 and 32.2 ◦C
in the middle of August and the end of September). The difference
d
i
pig. 3 Monthly variation in water salinity: F intertidal site 4 m deep,
sublittoral site, 30 m deep.
etween the surface temperatures of both stations did not exceed
0 ◦C, from the beginning of August (22.6 ◦C at station (D)) and the
nd of September (32.4 ◦C for the shallow station (F-intertidal)). In
he deep station (D) the temperature was 22.2 ◦C at the beginning
f August and 32.9 ◦C in the May 11 (Fig. 2b).
Despite the large difference between the depths of the two sta-
ions, the temperature at their bottoms was similar throughout the
ear, except the recorded the difference of about 5 ◦C in the middle of
he summer monsoon between the end of July and mid-September.
hese differences were not observed in the surface temperature at
he two stations (Fig. 2a and b).
In general, it was found that the northern Gulf of Aden water tem-
erature steadily rises with the traditional tropical waters in summer
nd tends to decrease to relatively low levels in the winter months,
irectly influenced by climatic factors (Fig. 2a). Bottom water tem-
erature shows a significant seasonal heterogeneity at both stations,
hile the differences between the surface and bottom temperature
f the shallow station (F-intertidal) were small, as can be clearly
een in Fig. 2b.
The annual difference in surface temperature of the study area
eaches more than 10 ◦C, in less than three months; declining from
2.2 ◦C in the middle of May to 22.2 ◦C at the beginning of August.
he upwelling phenomenon brings the cold water at the bottom to
he surface; this is associated with the south-west Summer Monsoon.
The observed temperature variations are echoed in the salinity
f the studied water masses (Fig. 3). The results show that winter
alinity between December and April varied not more than 0.5 g/l:
5.7–36.2 g/l. The salinity began to increase at the beginning of the
ummer monsoon to reach the annual maximum in this region of
6.5 g/l in the first days of July.
In July through August relative salinity decreases to reach the
owest index in the second half of November. Here the water column
ppears to come under the influence of winter mixing, driving low
alinity in the Arabian Sea surface currents (Fig. 3). This is slightly
ifferent from the relative increase in salinity in the north-western
ulf in July and August. This phenomenon distinguishes the area
f the Bir Ali and Balhaf coast with their limited and small currents
nd vortices (eddies).We can note from the results of this study the general lack of
ifference in the index of salinity over the studied depths (Fig. 4),
n addition to the slight difference observed in summer monsoon
eriod of June to August.
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industrial export complex of Balhaf Bay. Therefore, in our inves-ig. 4 The variation of salinity at different depths at station D.
iscussion
he change of temperature was slightly higher at the bottom than at
he surface. The trend at the bottom at station D (depth 30 m) was a
ecrease from about 31 ◦C at the beginning of June to about 18.5 ◦C
n the middle of August, before rising again at a faster rate to reach a
aximum of about 30 ◦C at the end of September. At the shallower
tation the change was faster, from 32 ◦C at the end of June to 21 ◦C
n the middle of August to more than 32 ◦C at the end of September.
hese rapid changes demonstrate the strength of the mixing of the
ater masses in this region, as well as a seeming absence of a ther-
ocline layer at this location; this phenomenon echoes the results
f earlier studies [2,16,17]. This can be proved by the existence of
he perpendicular to the coastal current, locally called Al’aqd (arch),
hich differentiates Ras Balhaf from the Yemeni coast. This cur-
ent is thought to be related to the changing position of the western
yclone and the eastern anticyclone of the water masses in the mid-
le of the Gulf of Aden, which has been described by Bower et al.
12] and Al Saafanii and Shenoi [18], Khimitsa [17].
The results of this study do not differ much from the thermal vari-
tions recorded in previous studies in the region, despite the time
isparity. BaDhafary [16] for example, in his review of the Russian
tudies of the Gulf of Aden, noted that the surface temperature of
ulf coastal water during the month of February can change from
4.5 ◦C in the Cape of Fartak in the east to 26.5 ◦C at the longi-
ude E44◦ west of Aden. Before the blowing of south west summer
onsoon winds, the movement of water bodies and their tempera-
ure starts to rearrange to hit the surface in May at 28–30 ◦C, while
t 12–50 m depth the temperature does reach beyond 25 ◦C in this
onth. The rising of bottom water intensifies in June and July when
he temperature decreasing happens in the under surface water layer
ue to rising cold deep water to the surface. This act causes a fall in
he average temperature of the water surface in July to 22.3 ◦C at the
slet of Sikha, Bir Ali [19]. This, regardless of the rapid heating of the
oastal waters due to the increased solar luminosity toward the sum-
er, clearly shows the strength of the upwelling phenomenon in this
art of the coast and in particular between Ras Irqa and Ras Sharma,
here water temperature declines in August to 17–18 ◦C, beforeeturning after the end of monsoon to 30 ◦C in October [2] and the
oderate winter temperature of 25–27 ◦C in January. This is clearly
epeated in the current study (Fig. 2). Here, we believe that the
oastal waters of Gulf of Aden, especially those in the north central
t
c
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rea, have an increased biological activity in spite of the low index of
hermal energy and dissolved oxygen (author’s unpublished data).
he latter can be explained by rising bottom nutrients and elements
rought by upwelling, giving the specificity and distinction of high
iological productivity to the gulf. This peculiarity has been con-
rmed by previous studies, including those of Wyrtki [20], Wiebinga
t al. [10], Kemp and Benzoni [6] and recently CREOCEAN [21].
Heterogeneity in the temperature of the water in the region, with
ts unique composition of reef communities such as Bir Ali and Bal-
af, is no longer considered strange and extreme, after clarification
f the degree of adaptation of coral reefs in the northern edges of
ropical regions to the relatively large thermal variation—more than
2◦ [22,23]. One can add here, as a confirmation, the findings of
heppard and Salm [24] and CREOCEAN [21] about the peculiar-
ty of the relationship of the thermal aspects of the upwelling and
eef formations of Balhaf (particularly considering that it is situated
nder the “pseudo-high latitude effect”) and Kingsman [22] about
he prosperity of coral reefs in the coastal waters of Oman when the
ange of seasonal temperature varies between 16 and 36 ◦C. This is
good example of the spread and adaptation of the organism, in or
ith extreme environmental conditions that are beyond the normal
ange of life.
Given the severe limitations of freshwater entering the Gulf of
den from the land of the region (which is marked by drought
nd a lack of permanent rivers), the salinity of the Gulf of Aden
epends on two basic sources. The dominant one is the Red Sea
igh salinity waters (reaching up to 40 g/l) which flow through the
trait of Al Mandeb. These water masses are the most influential
n the characteristics of gulf water salinity; its share in the Gulf
olume is about 37%, although it occupies the western deep layers.
he dominant seasonal cyclones reduce the effect of brackish Ara-
ian Sea waters on the gulf waters to about 3% of the gulf volume
12,18].
Thus it can be noted that in the study location, the salinity param-
ter falls between the swirling effect of the central and eastern eddies
2], and largely depends on the weather conditions and the win-
er monsoon winds, with little effect on the south-western summer
onsoon winds.
A lack of difference in the index of salinity within the studied
epths is apparent in the current results (Fig. 4); this can be explained
y the lack of difference in depth (which does not exceed 30 m) and
he effect of the coastal mixing after the regular tidal movement. The
onfirmation of this is the clear difference in the depths correspond-
ng to the same region, near the Islet of Skha, when the difference
etween surface and bottom salinity (70 m depth) is more than 1 g/l
n January and February [2,16]. The slight difference observed in
he summer monsoon months of June to August can be explained
y the output of the predominant upwelling and the traditional tidal
ixing.
onclusion
he peculiarity of the study area of Ras Balhaf, Bir Ali suggests its
ole as an area of regional importance. Although it has been offi-
ially declared a marine protected area, it is susceptible to damage
nder the influence of human and industrial intervention through theigation we have sought to substantiate the factual environmental
onditions of the area before the industrial complex in Balhaf com-
ences operation. This study can be used as a source of control for
ssessment of the environmental impact in subsequent years.
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From the results it can be found that the northern Gulf of Aden
water temperature steadily rises with the seasons in the summer
and tends to decrease to relatively low levels in the winter months,
directly influenced by climatic factors. Bottom water temperature
shows a significant seasonal heterogeneity at both studied stations,
while the differences between the surface and bottom temperature
of the shallow station were relatively small.
It can be noted from the results that a general lack of difference
in the index of salinity is evident over the studied depths, in addition
to the slight difference observed in the summer monsoon period of
June to August.
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